Background. Recognition that coinfections are common in children with community-acquired pneumonia (CAP) is increasing, but gaps remain in our understanding of their frequency and importance.
Community-acquired pneumonia (CAP) is an important cause of morbidity and mortality in children [1] . The advent of molecular testing has markedly enhanced the detection of respiratory viruses and has demonstrated that virus-bacterium and virus-virus coinfections are common among children with CAP and contribute to pathogenesis [1] [2] [3] . For example, during the 2009 influenza A(H1N1) pandemic, a coinfecting bacterial pathogen was identified in about one third of all severe or fatal infections due to 2009 pandemic influenza A(H1N1) virus [4] [5] [6] , and identification of Streptococcus pneumoniae was an independent risk factor for severe disease [7] . Other bacteria, such as Staphylococcus aureus, have been detected in patients with serious complications of influenza [8] . Although the impact of influenza virus-bacterium coinfection has been well described, fewer data exist for other virus-bacterium or virus-virus coinfections.
A number of barriers limit our ability to understand important aspects of coinfections. Most of the burden of CAP occurs in outpatient settings, where comprehensive etiologic molecular testing is not performed. Studies of hospitalized children from a single site are generally too small to conduct meaningful analyses of pathogen-pathogen interactions. Common testing algorithms for determining the etiology of CAP also suffer from poor sensitivity and specificity, particularly for bacterial infections, since blood culture is predominantly used to determine the bacterial etiology of pneumonia in children [9] . The use of polymerase chain reaction (PCR) analysis aids in identifying viral causes of pneumonia, but pathogens detected in the upper respiratory tract may not correlate with pathogens obtained directly from the lung. In addition, sequential infections in which one pathogen alters the host's defenses facilitating a secondary infection are particularly difficult to accurately diagnose, as the preceding pathogen may no longer be detectable when the patient comes to medical attention.
The Etiology of Pneumonia in the Community (EPIC) study presented an opportunity to comprehensively study coinfections [1] . This large, multisite, prospective study included a comprehensive assessment of etiology, using multiple state-of-the-art diagnostic tests linked to clinical outcomes. The size of the study and the breadth of demographic, clinical, and diagnostic data available presented an opportunity to overcome many of the barriers cited above to understanding causes of pneumonia, as well as analyzing the impact of coinfection. Coinfections with multiple pathogens were identified in 26% of the children with radiographically defined CAP [1] . Here we explore the interactions of various viral and bacterial organisms in pneumonia and the impact of coinfections on clinical characteristics and outcomes.
METHODS

Study Population and Pathogen Detection
Children (<18 years old) were enrolled in the EPIC study at 3 children's hospitals in Memphis, Tennessee, Nashville, Tennessee, and Salt Lake City, Utah [1] . Between January 2010 and June of 2012, 2638 children were enrolled, of whom 2358 had final radiographic evidence of pneumonia. Of this cohort, 2219 had specimens tested for both viruses and bacteria and were included in the current analyses (Figure 1 ). Children with recent hospitalization, tracheostomy, cystic fibrosis, or severe immunosuppressive conditions were excluded [1] . Demographic and clinical data were obtained using previously described methods. Typical bacteria were detected by cultures of blood, pleural fluid, and/or bronchoalveolar lavage specimens and by PCR testing of blood or pleural fluid specimens as described elsewhere [1] . Atypical bacteria, Chlamydophila pneumoniae and Mycoplasma pneumoniae, were detected by PCR analysis of combined nasopharyngeal and oropharyngeal swab specimens. Human adenovirus (hAdV), human coronavirus (hCoV), human metapneumovirus (hMPV), human rhinovirus (hRV), influenza A and B virus, parainfluenza virus (PIV), and respiratory syncytial virus (RSV) were also detected by PCR analysis of combined nasopharyngeal and oropharyngeal swab specimens. Serologic testing for hAdV, hMPV, influenza A and B viruses, PIV, and RSV was also performed on acute and convalescent specimens in 44% of children [1] . The parent study protocol was approved by the University of Tennessee Health Science Center Institutional Review Board, informed consent was obtained from parents or guardians in all cases, and assent was obtained from participants when appropriate.
Statistical Analyses
Demographic and clinical characteristics of all cases of CAP were described and stratified in the following groups: viruses, bacteria, or atypical bacteria; viruses-bacteria or viruses-atypical bacteria; and no detection of viruses or bacteria. Children with single-virus infections were similar demographically and clinically to children with virus-virus coinfections and, for clarity, were therefore combined in the viruses group in the tables. The same is true for those with single and multiple typical bacterial pathogens detected, who were combined in the typical bacteria group. Comparisons between types of infection, as defined by these groups, were made using χ 2 tests or the Fisher exact test as appropriate for categorical variables and t tests or the Wilcoxon rank sum test as appropriate for continuous variables.
We used 2-by-2 tables to estimate whether certain codetections occurred more frequently than would be expected by chance. For each pair of potential coinfections, we tabulated the individual pathogen detections against each other. The frequencies of observed codetected pairs were compared with how often they would be expected to occur by chance. Deviations from expected frequencies were quantified using a χ 2 test and then by calculating the odds ratio (OR) and 95% confidence interval (CI) for each pair of pathogens. Age and infection season were not included in the a priori analyses but were assessed post hoc to develop hypotheses that might explain the findings.
To assess differences in severity among types of infections, we compared the categorical outcomes of supplemental oxygen use in the first 24 hours, intensive care unit admission, invasive mechanical ventilation use, and hospital length of stay.
RESULTS
Of the 2219 children studied, 1801 (81%) had ≥1 respiratory pathogen detected (Figure 1 ). Of these, 576 (26%) had a coinfection (Supplementary Table 1 ), including 417 children with ≥ 2 viruses detected, 99 with ≥ 1 virus and ≥ 1 typical bacterial pathogen, 56 with ≥ 1 virus and ≥ 1 atypical bacterial pathogen, and four with two bacterial pathogens. Children with only viruses detected were younger than children with only typical bacteria detected, and children with only atypical bacteria detected were older than either of these groups (Table  1) . Children with only viruses detected were more likely to be black than children with only typical bacterial or atypical bacterial pathogens. The age distribution and race of children with virus-bacterium coinfection most closely resembled those with viral infection alone (Table 1) . Children with typical bacterial infection alone, atypical bacterial infection alone, or virus-typical bacterium coinfection were more likely to have no previous underlying medical conditions and less likely to have asthma than children with viral infection alone. No striking differences in body mass index or vaccination history were observed among types of infection. Children with a diagnosis of atypical bacterial infection alone were more likely to have received antibiotics prior to admission than the other groups ( Table 1) . The most common pathogens among codetection pairings are shown in Figure 2 . The viruses most commonly identified in CAP, RSV and hRV, were also the viruses most frequently found in combination with other viruses and/or bacteria. Among commonly identified pathogens, influenza virus was not detected with Haemophilus influenzae, and M. pneumoniae was not detected with S. pyogenes or H. influenzae. S. pneumoniae was detected in association with the major viruses detected here in roughly equal proportions ( Figure 2 ). For many other pathogen pairings, however, the distribution of pathogen pairings was different than expected by chance (Figures 2 and 3 ). For example, hAdV and hRV were detected together more commonly as a pair than expected, based on their relative frequency of detection in the (20) 7 (17) 19 (14) 22 (22) 11 (20) 55 (13) Other 122 (9) 3 (7) 6 (5) (21) 118 (28) 2-4 y 397 (27) 12 (29) 19 (14) b,c 25 (25) 14 (25) 92 (22) 5-9 y 202 (14) 12 (29) 52 (39) b 11 (11) 17 (30) 114 (27) 10-17 y 100 (7) 6 (15) 52 (39) (18) 3 (25) 31 (26) Neurologic disorder 106 (7) 1 (2) 8 (6) 4 (4) 1 (2) 60 (14) Congenital heart disease 101 (7) 2 (5) 13 (10) 6 (6) 3 (5) 34 (8) Chromosomal disorder 64 (4) 2 (5) 11 (8) b 4 (4) 6 (11) 39 (9) BMI status e Underweight 130 (20) 2 (7) 13 (11) 5 (12) 5 (12) 40 (15) Normal 353 (54) 15 (54) 70 (58) 23 (55) 23 (56) 136 (52) Overweight 61 (9) 2 (7) 18 (15) 7 (17) 4 (10) 28 (11) Obese 105 (16) 9 (32) 20 (17) 7 (17) 9 (22) 57 ( Data are no. (%) of children, unless otherwise indicated. Percentages were calculated using the number of children with available data, rather than the number in the column headings, as the denominator. "Viruses" and "Bacteria" encompass single-pathogen detections and multiple detections. Figure 3 . Frequency of actual as compared to expected coinfections. The frequencies of commonly observed coinfection pairs are shown relative to how often they would be expected to occur by chance, using the frequencies of detection of the individual pathogens as the baseline. Deviations from expected frequencies were quantified using a χ 2 test and then by calculating the odds ratio (OR) and 95% confidence interval (CI) for each pair of pathogens. Flu, influenza virus; hADV, human adenovirus; hCoV, human coronavirus; hMPV, human metapneumovirus; hRV, human rhinovirus; Mpn, Mycoplasma pneumoniae; PIV, parainfluenza virus; RSV, respiratory syncytial virus. EPIC study; a similar pattern was observed for hCoV and RSV. Although the fifth most common pathogen detected overall, M. pneumoniae was the ninth most common pathogen codetected with other organisms; the relative infrequency of coinfections with M. pneumoniae was noted, particularly when pairings with respiratory viruses were examined ( Figure 3 ). Several virus pairs were also observed less frequently than expected, including hMPV with hRV, PIV, or RSV; PIV with hRV or RSV; and hRV with RSV. Clinical symptoms associated with CAP were generally similar among different infection groupings, and length of illness prior to admission did not differ statistically ( Table 2 ). The total white blood cell count and the percentage of white blood cells that were band forms were significantly higher in the typical bacteria and viruses-typical bacteria groups compared to the viruses group. Chest radiography findings, including consolidation and pleural effusion, were also more common in these 2 groups as compared to the viruses group, whereas infiltrates and a pattern consistent with complicated bronchiolitis were less common (Table 2) . Serious outcomes or complications, including parapneumonic effusion, admission to an intensive care unit, and use of mechanical ventilation, were significantly more common in the typical bacteria and viruses-typical bacteria groups as compared to the viruses group; median length of stay was also about twice as long in the typical bacteria and viruses-typical bacteria groups (Table 2 ). Outcome measures, including intensive care admission, invasive mechanical ventilation, and length of stay, were similar for the typical bacteria group as compared to the viruses-typical bacteria group. Extending these analyses beyond the broad groupings in Tables 1 and 2 , the differences in outcomes remained significant in comparisons of single viruses or multiple viruses to coinfections between viruses and single typical bacterial pathogens or multiple typical bacterial pathogens (Table 3) . Intensive care unit admission, use of invasive mechanical ventilation, and length of stay were all significantly greater when single or multiple viruses were complicated by ≥1 typical bacterial pathogen as compared to infections due to single or multiple viruses alone. Coinfections by viruses and atypical bacteria did not lead to worse outcomes. Two virus-virus coinfections (RSV and hAdV vs hAdV alone; influenza virus and RSV vs influenza virus alone) demonstrated higher rates of supplemental oxygen use in the first 24 hours of hospitalization, compared with single infections alone. Other virus-virus coinfections did not lead to similar findings, and no differences in intensive care unit admission or need for mechanical ventilation were identified (Table 3) . Interestingly, children with influenza virus and RSV coinfection had a shorter length of stay than those infected with either influenza virus or RSV alone. Typical bacterial coinfection with RSV was associated with statistically significant increases in the length of hospital admission and the need for invasive mechanical ventilation as compared to infection with RSV alone (Table  3) . Intensive care unit admission was also twice as frequent among children with RSV-typical bacterium coinfections, but this difference did not reach statistical significance.
DISCUSSION
Because of the difficulties attributing a specific etiology to a pathogen or to multiple pathogens, the current state of knowledge of the role of coinfections in CAP is limited in several critical areas. Specific potential risk factors for coinfections are not known. Clearly, severe immunosuppression from cancer chemotherapy or untreated human immunodeficiency virus infections predispose to coinfections, but what other factors might be in play? The morbidity and mortality associated with influenza and bacterial superinfections is well described [6, 8, [10] [11] [12] , but does pairing of other pathogens engender similar modifications to the disease course relative to an infection from a single agent? Are some coinfections milder than single infections because of earlier or stronger engagement of innate immune responses? Are there particular pairs (or other multiples) of pathogens that cooperate or compete, leading to different outcomes?
In our large multicenter study, children with viral pneumonia were younger and more likely to have comorbidities such as asthma than other children with pneumonia, but no specific risk factors or distinguishing demographic characteristics were identified for children with virus-bacterium coinfections. When viral and typical bacterial pathogens were codetected, virus-bacterium coinfection clinically more closely resembled typical bacterial pneumonia than viral pneumonia, with these children having a higher frequency of leukocytosis, consolidation, parapneumonic effusion, intensive care unit admission, and need for mechanical ventilation and an increased length of stay, compared with the virus only group. Differences in the outcomes measured in this study did not differ between the typical bacteria group and the viruses-typical bacteria group. RSV infection alone was less severe than RSV-typical bacterium coinfection. These are important observations, as testing algorithms in current use often restrict testing for bacterial pathogens if an initial screen for viral pathogens is positive, to reduce costs and antibiotic use. This might result in some typical bacterial coinfections going undiagnosed, leading to worse outcomes. Virus-virus infections were generally comparable to single-virus infections, with the exception of supplemental oxygen use, which was higher during the first 24 hours of hospitalization in select virus-virus pairings.
Children with typical bacterial infections were less likely to have a comorbidity such as asthma as compared to children with viruses alone. Asthma is a well-established risk factor for hospitalization with viruses [13] . The finding that asthma and reactive airway disease were more frequent as comorbidities in the viruses group as compared to the typical bacteria group is therefore not surprising (Table 1) . Interestingly, the viruses-typical bacteria group had a low prevalence rate of asthma, which, when coupled with worse outcomes, could lead to the speculation that asthmatics with viral pneumonia were more likely to be admitted for reasons related to their underlying chronic diagnosis, rather than for the severity of their CAP. Alternatively, the immune status of the allergic lung could provide protection from the consequences of these infections. As has been suggested from work in animal models, this could mitigate disease severity [14] . Obesity was identified as a risk factor for severe influenza during the 2009 influenza A(H1N1) pandemic [15] . Although our analyses were limited because of the preponderance of young children in this study, obesity did not appear to be a risk factor for coinfections (Table 1) .
In support of a body of literature examining influenza-associated coinfections [(6)], virus-typical bacterium coinfections were more severe than virus infections alone, even when multiple viruses were codetected (Tables 2 and 3 ). In influenza studies, bacterial coinfection is common in severe and fatal cases [7, 11, 16] . In particular, the presence of S. pneumoniae and S. aureus is associated with high morbidity and mortality [7, 8, 17, 18] . Similarly, while very few deaths were observed during this study, serious outcomes occurred more frequently in children with virus-bacterium coinfections as compared to those virus infections, and their length of hospital stay was longer. This finding did not extend to coinfection with atypical bacteria, which may be related to a greater frequency of antibiotic use before admission (Table 1) . Intensive care unit admission, use of mechanical ventilation and length of stay were also all increased when RSV was complicated by a typical bacterial pathogen. Unfortunately, despite the extremely large size of the study, the numbers of individual pathogen pairings were too low to examine other individual combinations. Of note, severe outcomes were seen in single-virus infections with all viruses studied but were more common when typical bacteria were involved.
Whether some viruses such as hRV could cause severe acute respiratory illness in the absence of a coinfection has been questioned [19] . We observed severe disease at a low frequency with both single hRV infections and coinfections where hRV was detected, but we did not observe a difference between these groups, as others have reported [18] . In general, virus-virus coinfections were not more severe than single-virus infections and did not have worse outcomes (Tables 2 and 3 ), in agreement with a smaller study [20] . Two combinations of virus-virus pairs yielded increased supplemental oxygen use, compared with infections with a single virus (Table 3) . Interestingly, RSV coinfections with influenza virus and hAdV were associated with increased need for supplemental oxygen, suggesting that coinfection with these relatively virulent viruses led to increased severity.
One of the most interesting observations from this study was the distribution of frequencies of specific codetections. A wealth of literature from animal models and epidemiologic studies [6] suggests that viral infections enhance acquisition of bacterial pathogens by hampering immune defenses through a variety of mechanisms. Similarly, studies of the common cold in crowded living conditions suggest similar changes to susceptibility in humans to acquisition of colonization with pathogenic bacteria [21, 22] . However, prior studies have not been large enough to adequately compare the actual frequency of specific pathogen-pathogen pairs in a coinfection to the frequency expected by chance. We report that the observed prevalence of several specific codetections was lower than expected, particularly when examining virus pairings with M. pneumoniae (Figure 3) . A smaller study of M. pneumoniae infections noted that codetection with viruses was rare [23] . One hypothesis to explain the relative paucity of M. pneumoniae and virus codetections is that infections with these pathogens exhibit different age and seasonal distributions. Indeed, the mean age of children presenting with M. pneumoniae in the study was 98 months, while the mean age for children hospitalized with respiratory viruses ranged from 25 months (for hAdV and RSV) to 63 months (for influenza virus) (Supplementary Figure 1) . Stratification of the analyses by age (<5 years and ≥5 years) demonstrated a similar magnitude of effect as compared to the overall study population, although the CIs were wider and crossed 0 in some cases, suggesting decreased power to examine the interactions (Supplementary Figures 2 and 3 ). In addition, M. pneumoniae was not detected with H. influenzae or S. pyogenes, common bacterial pathogens of the upper respiratory tract. This may be due to the low numbers of bacterial infections in the study, or it may be related to competition within the upper respiratory tract between bacteria, as has been observed in bacterial coinfection models [24] .
Several virus-virus pairings were also uncommonly observed. Interestingly, an additional virus-virus interaction, hAdV and RSV, was also significantly less common than expected when analyzing only children aged <5 years (Supplementary Figure 2) . The simplest explanation would be differences in seasonality that limited temporal circulation together and thus minimized the chance of a codetection (Supplementary Figure 4) . Because we were studying children hospitalized with pneumonia and not a broader population, further analyses regarding the impact of seasonality were not possible. Another hypothesis is that induction of interferon by a first virus protects against the second virus. At least 2 studies have suggested that circulation of rhinoviruses delays or reduces the circulation of other viruses, as was seen in this study with hRV pairings with RSV, PIV, and hMPV [25, 26] . This and other hypotheses should be studied in model systems. Unfortunately, the prevalence of specific bacterial infections was too low for a similar analysis to be performed for specific virus and bacterium pairings. From existing observational studies and animal models (eg, mouse and ferret models of influenza virus and S. pneumoniae coinfection [27, 28] ) one would have expected an increased frequency of specific pathogen pairings relative to chance. Why this was seen for hAdV and RSV and for hCoV and RSV but not other pairings is unclear; further study is indicated to replicate and potentially explain these findings.
This study has several limitations and challenges. Detection of bacteria in patients with CAP is difficult and may have caused misclassification of some virus-bacterium coinfections into the viruses-only group. The assays to determine etiology and define classes of infections did not include all possible viral and bacterial respiratory pathogens, which may also have caused misclassification, and only 44% of children had acute and convalescent serum specimens available for serologic testing. Some results may be confounded by factors such as age, comorbidities, or strong seasonal circulation of certain viruses; the analyses were unadjusted for these potential confounders. We also could not adjust for the likelihood of hospitalization with each pathogen, which will bias the determination of the frequency of codetection in the hospital downward if patients infected with the pathogen in the community are more likely to be admitted than patients not infected with the pathogen. Finally, the contribution of any specific pathogen to the severity of infection cannot be determined with certainty; on average, 3% of asymptomatic controls (and up to 17% with hRV) in the EPIC study had a virus detected [1] .
Nevertheless, this study was very large and comprehensive in its assessment of the etiology of coinfections and the demographic characteristics and outcomes of these children hospitalized for CAP. This allowed pathogen-specific analyses that could not have been attempted with smaller studies. The findings of differences in clinical characteristics and severity of outcomes with virus-typical bacterium coinfections as compared to viruses alone and the few observed differences in comparisons of single-virus infections to multiple-virus infections or of single-typical bacterium infections to virus-typical bacterium infections have important implications for the diagnosis and management of CAP in children. In particular, better detection methods are needed for a broad array of pathogens, and studies to update clinical testing patterns should take into account these findings.
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